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Abstract
The sediment layers of previously identified, impaired sites in the Blackwater Creek
watershed in Central Virginia were examined for potentially toxic elements (PTEs). These
impaired sites are located in areas with high levels of urbanization or impervious surface cover.
Higher urbanization levels should coincide with more environmental degradation, resulting in
higher levels of PTEs, such Cu, Zn, and Pb in the sediment cores. The sediment cores were
collected, prepared by microwave digestion, and analyzed by MP-AES (microwave-induced
plasma atomic emission spectroscopy) for PTE content. A one-way analysis of variance
(ANOVA) determined a statistically strong relationship between increased impervious surface
cover and higher concentrations of PTEs within the sediment cores. Determining a relationship
between sediment makeup and urbanization can be useful in impacting our understanding of
water quality and stream health, as well as providing insight on ways to recover impaired
watersheds. Although PTE concentration in the sediment is not able to determine a watershed’s
health by itself, it is a useful tool when combined with other methods to provide an idea about
the PTE load in the sediment and the watershed as a whole. The results from this study may
provide a benchmark of PTE concentration in sediments for further research and ongoing
monitoring of the Blackwater Creek watershed.
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Introduction:
Streams and rivers in urbanized watersheds experience increased levels of contamination
from potentially toxic elements (PTEs), including heavy metals such as Zinc (Zn), Lead (Pb),
and Copper (Cu) (Li et al., 2009). Potentially toxic elements are elements, with high density and
high atomic weight, that usually have metallic properties, including ligand specificity (Bansal,
2018). Bonding with ligands is one of the ways PTEs interact and bond with sediments. Most of
these metals are introduced into the watershed from atmospheric deposition, industrial waste and
agricultural run-off (Elder, 1988). Urbanized areas often create additional contaminants from
processing, manufacturing, and using metal-based materials (Pouyat et al., 2007). Once in the
watershed, PTEs become adsorbed to the sediments, contaminating them (Elder, 1988). Such
contamination often remains in soils for long time periods (Bain et al., 2012; Luo et al., 2012).
This may result in further pollution to urbanized environments and areas downstream of these
sites, especially in cases of flooding.
Typical sources of PTEs in urban areas often include vehicles (fuel combustion, exhaust,
brake pads, and tire wear), industries (energy production and consumption, chemical waste, and
electronics), construction and demolition, waste disposal, and agriculture (fertilizers, pesticides,
and wastewater) (Hjortenkrans, et al., 2006; Modabberi et al., 2018; Zuo et al., 2018). Heavy
traffic is considered to be the anthropogenic source with the most impact on urban soils and
rivers (Modabberi et al., 2018). Molybdenum (Mo), Antimony (Sb), and Tin (Sn) are all
expected PTEs in areas with heavy traffic, and other elements, such as Arsenic (As), Chromium
(Cr), Copper (Cu), Nickel (Ni), Lead, and Zinc, are all common in sediment cores of urbanized
areas (McIlwaine et al., 2017).
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In this study, urbanization is defined as percent impervious surface cover. This is because
urbanization within watersheds increases the area of impervious surface, which has a negative
impact on watersheds, affecting their stream morphology, water chemistry, and overall health.
Increased quantities of impervious surfaces result in decreased infiltration from rain and
increased run-off directly into streams (White and Greer, 2006). Direct run-off results in more
urban-based pollution and PTEs getting into streams and, potentially, the soils and stream
sediment.
Sediments are the primary sink for PTEs in aquatic ecosystems as they are adsorbed onto
the sediments (Singh et al., 2005). The PTEs are not permanently bound to these sediments, and
under certain conditions, such as temperature and pH changes and physical disturbances, they
can be released (Wu et al., 2014). When PTEs are released into the ecosystem, some can
bioaccumulate. For example, lead, a known toxin to humans and other animals, is magnified up
the food chain. Additionally, when PTEs are released into aquatic environments, this can affect
the drinking water quality and techniques used treat it (Wu et al., 2014). This has impacts both
on human health and the economy as higher PTE concentration may result in a greater need for
water filtration and treatment systems.
As the majority of PTEs are heavy metals, and therefore inorganic, this project used
Microwave-Induced Plasma Atomic Emission Spectroscopy (MP-AES) to breakdown the
sediments into inorganic matter and remove the organic matter. Microwave-Induced Plasma
Atomic Emission Spectroscopy is a multi-elemental analytical instrument used to detect trace
amounts of inorganic elements. Microwave digestion is used to remove organic matter from
samples, leaving behind only inorganic matter, such as heavy metals and PTEs (Vudagandla et
al., 2017). Sediment samples are digested and then analyzed to identify elemental makeup and
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concentrations. Microwave-Induced Plasma Atomic Emission Spectroscopy can be configured to
analyze multiple elements, each at a representative wavelength. Using a microwave-induced,
nitrogen plasma created in a MP-AES causes an element’s valence electrons to become excited.
Once a valence electron releases this energy and returns to its ground state, an element-specific
photon is emitted. The intensity of this emission is then converted to concentration by the
onboard MP-Expert software associated with the MP-AES instrument.
The purpose of this research was to investigate the relationship between the urbanization
levels of the Blackwater Creek sub-watersheds and the concentration of PTEs present in the
sediments by analyzing and comparing PTE concentration between sampling sites. This study
focused on the concentration of PTEs, in particular Zn, Cd, Cu, Co, Cr, Mn, Ni, and Pb, found in
sediment cores near to previously identified sites of varying urbanization levels within the
Blackwater Creek Watershed. Determining the concentration levels can set a baseline from
which further monitoring can compare. This may allow for early identification of changes in the
health of the watershed which, in turn, could influence urban planning and land use zoning, as
well as the processes and practices in local and regional manufacturing and agricultural
industries.
The Blackwater Creek Watershed is located in central Virginia and is a tributary to the
James River. It has eight sub-watersheds that all have different types of land use and, therefore,
different levels of surface area and urbanization (Fig. 1). There are numerous studies supporting
evidence between more urbanized sub-watersheds and declining stream health (Li et al., 2009;
McGrane, 2016). Therefore, it is likely that the Blackwater Creek sub-watersheds will have
varying health, depending on the land-use and urbanization levels within each one. It is
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anticipated that increased urbanization levels will correlate with increased PTE concentrations
within the sediment.

Figure 1. Map of Blackwater Creek sub-watersheds, and their differences in land-use
(Blackwater Creek Watershed Planning Committee, 2008).
Methods:
Site selection
Seven sites were selected from the Blackwater Creek watershed in Lynchburg, central
Virginia. The terrain of this area consists of many different forms and uses, including rolling
hills, decreasing forested area, cropland and increasing levels of urbanization and development.
Most of the soil in the area is classified as clay, well-drained, acidic and moderately permeable
(United States Department of Agriculture Soil Conservation Service, 1977; United States Soil
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Conservation Service, 1979). The varying land uses and levels of urbanization in the watershed
make it an ideal area to help determine the impact of urbanization on PTE concentrations.
Each site for this study was selected based on its level of urbanization, which was dependent
on sites’ locations in the Blackwater Creek Watershed and associated land-uses. On the western
part of Blackwater Creek watershed, Chaffin Farm, Hooper Road, and Peaksview Park are,
respectively, upper, mid, and lower sites in the Ivy sub-watershed. The Ivy Creek watershed is a
sub-watershed of the larger Blackwater Creek watershed. Land-use consists mostly of forest and
agricultural areas. In contrast, the eastern area of the Blackwater watershed has higher
urbanization levels and limited forested areas (Fig. 1). Tomahawk Creek, Dreaming Creek, Rock
Castle Creek, and Hollins Mill Park are sites along Blackwater Creek in increasing order of their
urbanization levels. Figure 2, below, illustrates the location of sites within the Blackwater
watershed. Sites within the Ivy Creek sub-watershed are marked in pink; Blackwater Creek
watershed sites are marked in blue.
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Figure 2: Map of Blackwater Creek watershed with site location highlighted numerically in
ascending order of impervious surface percentage. The pink markers represent sites in the Ivy
Creek sub-watershed of the Blackwater Creek watershed, and the blue markers represent sites
along the Blackwater Creek. Map generated by author.
Urbanization levels were defined by percentage of impervious surface cover. This percentage
was determined using USGS StreamStats. The impervious surface cover of each site is shown in
Table 1, below. Impervious surface levels of 10-20% double the amount of surface run-off into
streams and increase the amount of pollutants that are directly deposited into the watershed
(Environmental Protection Agency, 2018). Photos of each site are seen in figures 3 -9 below.
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Table 1: Blackwater Creek watershed sampling sites and impervious surface cover percentage as
of 2011, in ascending order of urbanization levels (Streamstats, 2019).
Site

Impervious Surface
Cover

1 (Chaffin Farm)

0.21%

2 (Hooper Road)

2.15%

3 (Peaksview Park)

5%

4 (Tomahawk

18.3%

Creek)
5 (Dreaming Creek)

23.1%

6 (Rock Castle)

27.2%

7 (Hollins Mill Park)

36.1%
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Figure 3: Photograph taken of Chaffin Farm (site 1), located in the upper section of the Ivy Creek
sub-watershed, with an impervious surface amount of 0.21%.

Figure 4: Photograph of Hooper Rd (site 2), located in the mid-Ivy Creek sub-watershed, with an
impervious surface level of 2.15%.
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Figure 5: Photograph of Peaksview Park (site 3), located in the lower-Ivy Creek sub-watershed,
with 5% impervious surface.

Figure 6: Photograph of Tomahawk Creek (site 4), in the Blackwater Creek watershed, with an
impervious surface value of 18.3%.
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Figure 7: Photograph of Dreaming Creek (site 5), within the Blackwater Creek watershed, with
23.1% impervious surface cover.

Figure 8: Photograph of Rock Castle Creek (site 6), in the Blackwater Creek watershed, with an
impervious surface value of 27.2%.

11

Figure 9: Photograph of Hollins Mill Park (site 7), located in the Blackwater Creek watershed,
with 36.1% impervious surface.
PTE indicator selection
The PTEs tested for in this investigation were: Zn, Cd, Co, Cr, Cu, Mn, Ni, and Pb. These
elements were selected because it was expected they would be present and are known to
bioaccumulate, causing chronic health conditions and fatality in organisms exposed to these
elements above their tolerance levels.
Data collection
Sediment cores were taken using a Wildco hand core sediment sampler (Forestry
Suppliers, Jackson, MS). One sediment core was taken from each site. Sediment core lengths
ranged from 5cm to 31cm, depending on the sediment at the sampling site and relative
penetrability. For ease of access, all samples were taken close to vehicular road bridges. Each

12

sediment core sample was later divided into three separate sub-samples, which were each
analyzed three times, resulting in a total of nine data points for each element at each site.
Sample Processing
The samples were partially air-dried and then moved into an Isotemp Oven 620G (Fisher
Scientific, Hampton, NH) at 50 °C to dry completely. All sediments were left in the oven for
three days to ensure that they were fully dry. After the sediment samples had dried, they were
sieved through a size 10 brass USGS sieve.
MP-AES analysis
The dried sediments were measured into 110 mL Teflon digestion vessels, using a coning
and quartering technique (Fig. 10). 0.5-1.0 g of sediment was placed into each vessel. This
process was repeated three times for each sediment core collected. For quality control purposes,
two SRM 2586 (standard reference material) samples and a blank sample of acid-washed sand
were also treated in the same way. 10mL of concentrated nitric acid was added to each Teflon
digestion vessel before capping to begin pre-digestion. The vessels were left in a fume hood to
partially digest overnight.

Figure 10: Diagram explaining coning and quartering process (Raval et al., 2018). One
sample was obtained for each set of coning and quartering, repeated three times.
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After pre-digestion, the samples were subjected to a full acid digestion process in a CEM
Corporation Mars 5 Microwave Digestion System (Matthews, NC). The digestion process
consisted of a 10-minute temperature ramp up to 180 °C, a 10-minute hold at 180 °C, and a
10-minute cool down period. This method is consistent with EPA 3051, recommended for the
proper acid digestion of sediment samples. After digestion, only inorganic matter was left behind
in the vessels.
To prepare for MP-AES analysis, the digested sediments were gravity filtered through
Whatman filter paper #1 into 100 mL volumetric flasks. Each sample was brought up to volume
with deionized water and transferred into plastic Nalgene bottles.
Calibration standards were prepared from a multi-elemental stock solution (Inorganic
Ventures IV-24, Blacksburg, VA), containing 24 elements at a concentration of 50 mg/L,
including the elements of interest in this study (Zn, Cd, Co, Cr, Cu, Mn, and Pb). Working
standards were prepared in concentrations of 0ppm, 0.5ppm, 1.0ppm, 2.0ppm. 5.0ppm. 10.0ppm,
and 15.0ppm. An Agilent Technologies 4200 MP-AES (Santa Clara, CA) was employed in this
study. The instrument was configured for detection of the emission intensity at appropriate
wavelengths for Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn (Table 2). Each sample was partitioned into
three sub-samples and analyzed three times during MP-AES for more reliability. Figure 11,
below, shows the sampling and sup-sampling process.
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Figure 10: The overall sampling, sub-sampling and MP-AES analysis, using the sample from
Chaffin Farm as an example.
Element

Wavelength (nm)

Cd

228.802

Co

340.512

Cr

425.433

Cu

324.754

Mn

403.076

Ni

352.454

Pb

368.346

Zn

213.857

Table 2: Elements analyzed using MP-AES and their corresponding wavelengths.
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Statistical Analysis
The resulting elemental concentrations were then subjected to a one-way analysis of
variance (ANOVA), comparing parts per million (ppm or mg/L) as the dependent variable, and
the percentage of impervious surface area as the independent variable. N= 7, as one sample core
was taken from all seven sites.

Results:
The raw data indicated an overall positive trend in the relationship between urbanization
levels and PTE concentration (reported in ppm) for all sites except Peaksview Park and certain
elements at Hollins Mill (Fig. 10). Ni and Co were non-detectable in all samples and, therefore,
were not included in results reported or in further analyses.
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Figures 10a-f: Graphs of average concentration (in ppm) for each element, determined by 3
sup-samples analyzed 3 times from each site’s sediment core. Sites are listed in ascending order
of urbanization.

The one-way ANOVA statistical test was conducted separately for each element against
percent urbanization. The significance was tested for p < 0.05, and each test indicated a
significance level of p < 0.001. Although the actual analysis states 0.000 for significance, this
implies that the significance is such a small value that it rounds to zero at three significant
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figures (Table 3). This strongly suggests a statistically significant relationship between
increasing urbanization levels and increasing PTE concentrations in watershed sediments.
Table 3: Results from the one-way ANOVA testing for correlation between
impervious surface percentage and PTE concentration. The low significance value
suggests a high correlation.
Dfs
F
sig.
Zn
Between Groups
Within Groups
Total
Cu
Between Groups
Within Groups
Total
Mn
Between Groups
Within Groups
Total
Pb
Between Groups
Within Groups
Total
Cr
Between Groups
Within Groups
Total
Cd
Between Groups
Within Groups
Total

121.71
6

0.000

6
56
62

21.358

0.000

6
56
62

90.965

0.000

6
56
62

95.683

0.000

6
56
62

80.359

0.000

6
56
62

6.334

0.000

6
56
62
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Discussion:
While there are a few outliers or discrepancies which will be discussed later, the overall
results from both the raw data and one-way ANOVA test suggest a positive relationship between
increasing urbanization levels and increased concentration of PTEs in watershed sedimentation.
The results from this study indicate that, for the Blackwater Creek watershed, areas with less
impervious surface area are likely to have lower concentrations of PTEs, and more impacted and
urbanized areas will likely show higher PTE concentrations. Potentially toxic element
concentrations in sediment cannot determine watershed health by itself as EPA threshold
concentrations are unavailable, due to numerous variable factors such as pH, redox potentials,
and speciation of an element affecting concentration levels via ability to adsorb or be released
from sediments. However, it can be a useful indicator, especially when combined with other
methods of testing. As not much research in this area has been reported in the Blackwater Creek
watershed, the values from this study can be used as a baseline value or reference point in future
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monitoring, especially in sub-watersheds that are expecting further urbanization and
development.
The PTEs in the sediment can be potentially released back into the waterways due to
physical or chemical disturbance. This may result in negative effects in both the aquatic and
non-aquatic ecosystems, as well affecting human health. Human uptake of the majority of these
PTEs are through food and crops. As these sediments are likely not used for agriculture, most
negative impacts on humans from contaminated sedimentation are likely to be indirect, through
bioaccumulation in aquatic species, or health and economic effects of contaminated drinking
water.
In both terrestrial and aquatic ecosystems, these PTEs have more immediate and direct
effects. Copper, Zinc, and Cadmium negatively influences the activity of earthworms and
microorganisms, potentially slowing down decomposition of organic matter, and if in high
enough concentration, limiting plant growth and diversity in these areas (Adrees et al., 2015;
Benavides, 2005; Rout, 2003). Earthworms are susceptible to Cd poisoning at low
concentrations. Cadmium is also readily available to plant life, entering the food chain via this
method. Additionally, many of these elements including Cu and Pb, do not break down and can
accumulate in plants and animals up the food chain (Lenntech, 2020). Lead is another element
that accumulates in plants and animals that biomagnifies up both aquatic and non-aquatic food
chains, disrupting the health of multiple organisms.
The main anthropogenic sources of Zn and Cd are usually mining-related or use of
commercial products that contain either of the two (Agency for Toxic Substances and Disease
Registry, 2005; Agency for Toxic Substances and Disease Registry, 2012). Although Lynchburg
is not known for mining, other, more likely sources of zinc and other heavy metals in this area
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may be from the numerous industrial paint companies and manufacturers which have been in
Lynchburg since the 1930s. Similarly, Cd can also be sourced through paint, as it used as a color
additive, or through fossil fuel combustion. These are both likely sources in the Blackwater
Creek watershed area. The paint industry is also possibly a source of for the presence of Cr in
Lynchburg, although another potential source could also waste water effluents (Agency for
Toxic Substances and Disease Registry, 2012). A probable source of Pb in Lynchburg is from
past use in leaded gasoline and paints (Abadin et al., 2007). Although Pb is no longer used in
either of these in the USA, it will still be present in sediments as it doesn’t readily degrade. The
high levels of Mn can be expected, as it occurs naturally in more than 100 minerals and usually
has high background levels in sediment (Agency for Toxic Substances and Disease Registry,
2012). Additionally, Mn is often used in paint for coloring, as Magnesium Oxide, and as a drying
agent in the form of Magnesium Chloride (National Pollutant Inventory, 2018). Other
anthropogenic sources of Mn relevant to Lynchburg include industrial emissions and fossil fuel
combustions. (Williams et al., 2012). Possible sources of Copper in Lynchburg include discharge
from sewage treatment plants, the application of copper products as algae treatment and its
presence in paints as both an anti-fouling agent and pigmentation (Agency for Toxic Substances
and Disease Registry, 2004; National Pollutant Inventory, 2018). Although these sources are not
confirmed, further research would be warranted in order to gain greater understanding of
possible contamination sources. Since all the PTEs found in detectable concentrations are related
to paint industry and manufacturing, further research in this area would also be recommended.
The raw data shows two sites that did not match the overall trend for specific elements.
These sites were Peaskview Park, with higher concentration of all PTEs except for Cd, and
Hollins Mill, with lower concentration values of Cr, Cu and Mn. As this study did not investigate
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the specific type of urbanization, such as industrial and agricultural land uses, it is difficult to
determine reasons for this without further research into sources of contaminants in all sites.
Another possible area worth investigation is the site sampling locations. Peaskview’s site was
located roadside, near a parking lot in a heavily used area with walking paths and recreational
activity. It would be worthwhile analyzing multiple sites in each sub-watershed to determine if
Peaksview Park’s results are a true representation or an anomaly. The concentration of Cr, Cu
and Mn drop at Hollins Mill; potential reasons for this are likely similar to the reasons for
Peaksview’s variation. Similarly, further research would be useful to determine the reasons for
this drop in concentration, such as PTE contaminant sources in this area, land use or site
selection. Cadmium has almost constant levels in each watershed. Cadmium’s main
anthropogenic sources are related to driving, and more specifically, fuel combustion and road
dust (Faroon et al., 2012). As all the samples were taken at roadside sites, this may be the cause
of the limited variation of this element’s concentration. The absence of Co is somewhat expected
as most of its sources are related mining, refining of metals or nuclear development for some
isotopes (Agency for Toxic Substances and Disease Registry, 2004). Similarly, Ni is also
sourced from metal refining, along with steel production. The sources for both of these metals
aren’t major industries in the Lynchburg area. The absence of these two PTEs is, overall, a good
sign for the health of the watershed.
The differences between the sites and the overall results indicate that a range of factors
need to be brought into further studies to gain a fuller understanding of the relationship between
urbanization and PTE concentration in the sediments. These factors include, but are not limited
to, site location within the watershed, the number of sites tested, taking into account different
types of urbanization, as well as including an analysis of the sediment types. Analyzing the
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sediment type may be useful because the type (silt, sand, or clay) and particle size can determine
the ability of an element to adsorb to sediment (Chen et al., 2009; Jain & Ram, 1997). These
factors also affect permeability and leaching of sediments and their attached elements. Leaching
causes chemical interactions between the water molecules and compounds on the surfaces of
sediments, such as PTEs. This, combined with the physical movement of leaching, can cause
PTEs to become dislodged and transported downstream or deeper into the sediment.
The location of each site within the sub-watersheds is important, as not every site will
provide an accurate representation of the overall watershed. Additionally, as all the sites were
roadside, there may be more PTEs, such as Cd which is related to driving and fuel combustion,
in these areas than there would be in other locations along the streams. The presence of Cd in
other potential sites would be dependent on how easily it is released from the sediment to be
transported via the water column. Another potential solution to this issue is testing multiple sites
within each sub-watershed; this would allow for a better overall idea of the watershed. Further,
adding at least one site upstream and downstream of each current site would provide a way to
measure the impact of the road on each site. An upstream site may eliminate the presence of
vehicular related PTEs, and a downstream site could verify the impact of the roads on the
original sites, providing that the new sites selected are not also affected by vehicle emissions.
Different types of urbanization will also affect the types and sources of PTEs entering the
streams and sediments. Blackwater Creek’s sub-watersheds consist of mostly agricultural,
commercial, and residential areas. Further studies focusing on the urbanization type of each
watershed, instead of the more general definition of impervious surface cover, and specific PTEs
related to their uses could provide more information on this topic, as many of the elements
detected, such as Zn and Cd, have sources from different urbanization levels. Research into
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different inputs of the elements, such as industries, may also be useful in providing possible
reasons for sites such as Peaksview that have elevated PTE concentrations compared to what was
expected from their urbanization levels.
Conclusion:
The present study has shown the positive relationship between increased urbanization,
defined as impervious surface percentage in this research, and increased concentrations of PTEs
entering the watershed and its sediments. Additional research may be required to provide more
accuracy within certain sites or to combine these results with previous research to allow a better
understanding of the watershed’s condition, as there is limited information pertaining to PTE
concentrations in the sediment in the Blackwater Creek Watershed. The results from this study
may serve as a benchmark in the future monitoring of the Blackwater Creek Watershed’s
condition. Given increased urbanization locally, regionally, and globally, changes in PTE
concentration could act as a signal for further investigation to ensure our watersheds remain as
minimally impacted as possible, thus protecting the wellbeing of humans relying on the
watershed and the aquatic and non-aquatic ecosystems affected by it.
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